A confocal x-ray fluorescence microscope was built at the Cornell High Energy Synchrotron Source (CHESS) to determine the composition of buried paint layers that range from 10-80 µm thick in paintings. The microscope consists of a borosilicate monocapillary optic to focus the incident beam and a borosilicate polycapillary lens to collect the fluorescent x-rays. The overlap of the two focal regions is several tens of microns in extent, and defines the active, or confocal, volume of the microscope. The capabilities of the technique were tested using acrylic paint films with distinct layers brushed onto glass slides and a twentieth century oil painting on canvas. The position and thickness of individual layers were extracted from their fluorescence profiles by fitting to a simple, semi-empirical model.
INTRODUCTION
Information about paint layers below the presentation surface in a painting can be used to address questions regarding the work's authenticity, the extent of previous restorations, the working methods of the artist, and the piece's condition [1, 2, 3] . The most common technique for characterizing layered paint structures in works of art is scanning electron microscopy-energy dispersive spectroscopy (SEM-EDS) [1, 4, 5] This technique requires that a sample be taken and studied in a prepared cross-section, however, and typically the areas of greatest interest (such as the subject of a portrait) are those areas that are least available for sampling. For over 30 years, nondestructive characterization of buried paint layers has been carried out by neutron autoradiography (NA) [2] . While valuable, NA nevertheless reveals only the presence of certain elements, not their relative positions, and the technique requires the irradiation of the painting.
Recently, researchers have attempted to extend the use of traditional, non-destructive characterization tools such as x-ray fluorescence (XRF) [4, 5, 6, 7] and proton-induced x-ray emission (PIXE) [3, 8, 9 ] to address the problem of compositional depth profiling of paintings. One XRF method consists of deducing the relative positions of paint layers by monitoring changes in the ratios of the Kα and Kβ x-ray intensities that result from the selective absorption of one of the paint layer's fluorescence lines [6, 7] . This phenomenon will occur when the absorption edge of the pigment in the upper paint layer falls between the two x-ray lines of the pigment in the buried layer. This method cannot be applied to all possible paint layer combinations, however. Another method involves increasing the proton beam energy during a PIXE analysis to increase the spectral contribution of the pigments in the lower paint layers. This technique has promise but has not been successfully applied beyond three paint layers [8] . A third method involves progressively decreasing the incident angle of the proton beam in a PIXE experiment to increase the contribution of the topmost paint layer to the resulting x-ray spectrum. This method has proven unreliable for paint layer thicknesses of less than or about 10 µm [3] .
During the past two years, improvements to x-ray optics based on hollow glass capillary tubes [10] have enabled a different approach to achieving depth-resolved XRF. The approach, called confocal XRF, is illustrated in Figure 1 . One optic focuses the incident beam, while the other, placed perpendicularly to the first, gathers fluorescence only from the region of the sample where the focal cone of the second optic intersects that of the first. To obtain the composition as a function of depth, the sample is raised through this confocal volume.
Among the first experiments demonstrating this technique were those performed by Proost et al. at HASYLAB [11] on thin, buried metal films. Kanngiesser et al. have made use of confocal XRF to characterize paint layers of two Indian Mughal miniatures [12] . In this experiment, the leading edges of the fluorescence vs. depth curves were used to measure the relative positions of different layers. While valid for the samples in Ref. 12 , this approach is insufficient for more complex layered structures. Also, this approach will not work if a low-Z (undetectable) pigment layer, such as an organic lake, is present between two high-Z pigment layers. Ideally, one desires a robust, general technique of extracting layer positions and thicknesses from fluorescence vs. depth curves. One could then raster scan a painting, determining the compositional depth profile at each raster point (a single depth scan takes 1-2 min.). Combining these scans would allow for the examination of virtual cross-sections from any region of a painting, and for paint layer compositions and thicknesses to be obtained in a totally nondestructive manner.
To evaluate the capabilities and limitations of this technique for obtaining depth-dependent compositional information from layered paint structures, a confocal x-ray fluorescence microscope was constructed at CHESS. In this article, we discuss depth-profile measurements of several multilayered acrylic paint samples on glass slides in addition to a twentieth century oil painting on canvas. Specifically, we illustrate how to take the measured depth resolution of the microscope into account, generalizing the scope of this technique to include thickly layered samples where absorption must be included in layer thickness calculations. While synchrotron radiation was used to perform these initial evaluations of the technique, confocal measurements of lower resolution can be obtained on a suitably modified stand-alone XRF system [13] .
EXPERIMENTAL DETAILS

Microscope design
The confocal XRF experiments were carried out at CHESS station D1, using monochromatic radiation at 16 keV, selected using a 1% bandpass multilayer monochromator with a d-spacing of 25.5 angstroms. The unfocussed flux at the sample was approximately 6x10 11 photons/sec/mm 2 . A singlebounce monocapillary (#Pb605), developed at CHESS [14] , was used to provide a focused incident beam of approximately 20 µm in diameter, while a double-focusing polycapillary lens [11, 15] with an input acceptance angle of 15.4º [9, 13] , on loan from X-ray Optical Systems [16] was used to collect xray fluorescence from the sample. For depth-profiling, the sample is scanned normal to its surface oriented 45 o to the incident beam. The depth resolution is determined by the projection of the confocal volume onto this scanning direction. For alignment and scanning purposes, the monocapillary, sample, and polycapillary were all mounted to motorized translation stages. Fluorescence was collected by a Rontec Xflash silicon drift chamber placed behind the polycapillary. This detector has an energy resolution of approximately 0.16 keV. For clarity, the energies of particular fluorescence signals are given to a precision of 0.1 keV when their source is unclear (e.g. Ba Lα vs. Ti Kα), but to 0.01 keV when unambiguously identified with particular elemental lines. Data described below were taken with a 0.062" aluminum attenuator in the incident beam, both to reduce the fluorescence signal at the detector and to avoid potential radiation damage to the paint layers.
Sample preparation
Ten different pigments were obtained from Kremer Pigments: blanc fixe (BaSO 4 ), lead white 2Pb(CO 3 )Pb(OH) 2 , titanium white (TiO 2 ), chalk (CaCO 3 ), malachite (Cu 2 CO 3 OH 2 ), iron oxide yellow (Fe 2 O 3 ), orpiment (As 2 S 3 ), cadmium yellow (CdS), chromium oxide green (Cr 2 O 3 ), and vermilion (HgS). Paints were prepared from each of these pigments by mixing 1 ml of pigment with 4 ml of a 20% v/v mixture of copolymer binder, Paraloid B-72 [17] and acetone. Layered paint samples were prepared by brushing each paint onto the frosted end of a Fisher glass slide. Paint layers were allowed to dry for 15-20 minutes between each layer to minimize the mixing of layers at the interface. For paint chronology 2 a second sample was prepared with a poly(vinyl acetate) (PVAc) spacer layer applied between each paint layer. Table I lists paint layer chronologies for the test samples. Figure 2 shows the results of depth scans of a variety of thin metal films deposited onto glass slides. The full-width at half maximum (FWHM) of each fluorescence peak is plotted as a function of fluorescence energy. The thickness of all films is nominally 500 nm, far smaller than the size of the confocal volume perpendicular to the surface. Thus the widths shown in Fig. 2 represent the projected size of the confocal volume normal to the surface as a function of energy. This energy-dependence results from that of the polycapillary, whose focal size varies from approximately 67 µm at 4.5 keV to 24 microns at 10.5 keV. The focal size of the monocapillary, on the other hand, has been previously measured to be 17-23 µm, independent of energy. 
RESULTS
Characterization of the confocal volume
OO2.5.4
In order to model depth scans from real paints, we require knowledge of this projected width at all fluorescence lines of interest. The solid line in Fig. 2 shows a third-order polynomial fit to the data. In the discussion of our fitting results below, we use this fit to generate a gaussian-resolution function at arbitrary photon energies. Models of elemental density as a function of depth are then convolved with this resolution, resulting in curves that can be directly compared to the measured profiles. Figure 3 shows a cross-section of a multilayered paint sample prepared with chronology 1 in Table I . Figure 4a shows the raw fluorescence vs. depth data obtained from scanning this sample through the confocal microscope. Figure 4b shows the intensity of the Kα lines of each of the four elements identified in Fig. 4a . The peaks are clearly offset from one another, indicating the different layer depths. To accurately extract information about each layer in the sample, the data were fit to a four-parameter model of fluorescence vs. depth. The model consists of a density profile convolved with a resolution function whose width is determined by the data shown in Fig. 2 [18] . The four parameters are the locations of the top and bottom interfaces, an attenuation factor µ, (which accounts for the attenuation of both the incident and fluorescent x-rays), and a proportionality constant related to the layer density, microscope sensitivity, and incident flux.
Layered paints on glass slides
The solid lines in Fig. 4b correspond to best-fit curves of each peak to this model. The best-fit density profiles for each element are represented by the shaded areas, and correspond to layer thicknesses of 38 (cadmium yellow), 80 (chromium oxide green), 69 (malachite), and 34 (lead white) microns. Cross-sections were measured to check the layer thicknesses as deduced from the fits. The region was chosen to be close to that examined by XRF, as determined by color centers on the glass OO2. 5.6 substrate (formed by the incident beam). As shown in Table II for chronology 1, the best-fit thicknesses from confocal XRF are in agreement with the thickness ranges measured optically. The results for the chronology 2 sample that contained a PVAc spacer layer between each paint layer provided the composition and approximate position of each paint layer (see Table III , raw data not shown). Note that only one of the PVAc spacer layers was detected, most likely due to the variable thicknesses of the brush-applied layers. Based on the resolution of the microscope, one can estimate that the remaining two spacer layers were under five microns thick. While confocal XRF cannot reveal the composition of the PVAc organic layer, it does give its thickness and position by virtue of the positions of adjacent interfaces. The discrepancies observed between the confocal XRF-measured PVAc and iron oxide layer thicknesses and the optical microscopy measurements are most likely due to the variable thicknesses of these layers and the challenge of performing both types of measurements in precisely the same location.
th Century oil on canvas
As a more realistic test of the utility of confocal XRF, we also examined a 20 th c. oil painting on canvas [19] . Figure 5a shows the results of a single-depth scan from this painting. The data are heavily dominated by lead fluorescence. In addition to the Pb Lα, Lβ and Lγ lines, several weaker Pb lines are present, namely two M-lines at 2.40 and 3.12 keV and the Lι and Lη lines at 9.18 and 11.35 keV [20] . Additional lines at 5.90, 6.40, and 7.06 keV correspond to the Mn and Fe K lines, while those at 3.69 and 4.01 keV correspond to Ca Κα 1 and Kβ 1 . The combination of Mn and Fe is associated with umber, a pigment used both by itself and, frequently, as a component of an underpainting or ground. Unlike Fig.  4 , no clear evidence of layering is present. Rather, the calcium, umber, and lead signals all overlap, OO2. 5.7 suggesting that the pigments are mixed. Fig. 5a . Best-fit curves to the model of Eqs. 1-2 are also shown, in addition to the best-fit profile (gray region) of the lead fluorescence. The best-fit thicknesses of the lead and calcium lines were 36 and 31 microns, respectively, while that of the Mn and Fe lines was 51 microns. Furthermore, the best-fit position of the top interface of the lead, calcium, and umber lines was coincident to within 5 microns. Thus, we conclude that the paint layer represented by Fig.5a is a mixture of a calcium, lead, and umber-containing pigments, and is approximately 30-40 microns thick. The larger best-fit value for umber suggests that umber is a constiutent of an additional, buried layer.
While valuable, the information from Figs. 5a-b is incomplete. In particular, there may be other pigment layers between the uppermost lead-containing layer and the canvas. Apart from the larger bestfit thickness of the Mn and Fe lines, careful inspection of Fig. 5a shows weak peaks corresponding to 4.5 and 4.9 keV that originate beneath the lead layer. These energies correspond closely both to the principal K lines of titanium (4.51, 4.93 keV) and the principal L lines of barium (4.47 and 4.83 keV). Next, we scanned approximately the same location on the painting, within 2 mm of the first scan, but with the canvas side facing the incident beam. Figures 5c,d show the data obtained from this scan.
In Figs. 5c,d, two distinct layers are evident. The right-hand layer in the figure exhibits strong fluorescence at 4.5 and 4.9 keV, coincident with the weak lines in Fig. 5a , in addition to weaker lines at 5.1 and 5.5 keV. These energies correspond to weaker L-lines of Ba, namely Ba Lβ 2 and Lγ 1 , verifying the presence of barium. The best-fit thickness of this layer is 41 microns. This layer also exhibits Mn OO2.5. 8 and Fe lines similar to those shown in Fig. 5a . Fitting to these lines verifies that it fully overlaps the barium fluorescence. The left hand layer in Figs. 5b,d , closer to the painting surface, exhibits strong lead fluorescence and gives a best-fit thickness of 30 microns, close to the value of 36 microns obtained from the lead layer in Fig. 5b . We conclude that the lead peaks from Figs. 5b,d correspond to the same layer, and that the barium arises from a buried ground or underpainting layer. Note that no evidence of calcium appears in the lead-rich layer in this scan, indicating that the high-density barium layer completely absorbs the calcium fluorescence.
We tested our results for the 20 th century oil painting using a cross-section analyzed by SEM on the same area of the sample used for confocal XRF. Overall, the SEM data strongly corroborate our findings. In particular, this area of the sample is made up of two layers, the top layer varying from 30 to 40 microns in thickness and the bottom layer approximately 40 microns thick. Lead and calcium are present only in the top layer, while umber is present in both layers. Barium and titanium are present in the ground layer only. In summary, we have demonstrated the successful reconstruction of the stratigraphy of the painting. In particular, we determined the composition, thickness and relative position of both principal layers in the painting for a particular region. Scanning from both directions allowed the identification of low energy fluorescence lines originating from buried layers that were strongly absorbed by lead and barium in the two layers.
CONCLUSIONS
Our results establish the feasibility of non-destructively obtaining detailed composition vs. depth information from multilayered paint structures using confocal XRF. We characterized test samples with up to five distinct layers and a complex two-layer structure in a twentieth century oil painting by M. Bockrath. The relative positions of these layers were obtained directly from the data. A more detailed, but straightforward, analysis was used to obtain additional information, such as the absolute layer position relative to the surface and the layer thicknesses. At least one lab-based, confocal XRF system that does not require a synchrotron x-ray source is being developed [13] . As such systems become more common, we expect that confocal XRF to become an invaluable research tool for conservation science in the characterization of multi-layered inorganic structures. Such detailed spatial information is not available through traditional nondestructive techniques such as XRF and PIXE.
